Unnatural (+)-capensifuranone (+)-2 and its epimer (-)-5-epi-capensifuranone 6 were prepared from enantiopure methyl-branched aldehyde 4, employing cyclisation with 3-bromomethacrylic acid to 4-bromofuranones 5a,b followed by Negishi cross coupling. Compound 4 was obtained from the preen-gland wax-derived ester 3 after ozonolysis and reductive work-up. The configuration of 6 was determined via the X-ray crystal structure analysis of a derivative 10. Compounds (+)-2, 5a,b and 6 showed cytotoxic activity against L-929 mouse fibroblasts, and KB-3-1 HeLa and U-937 lymphoma cells.
Introduction
The chemical defense strategy of gastropod mollusks of the genus Siphonaria, which are located at the intertidal region of the Mediterranean sea, and the Atlantic and Pacific ocean, relies on a class of structurally related secondary metabolites 1 [1 -5] containing syn-1,3-dimethyl arrays as a common structural motive. Among these compounds is capensifuranone (-)-2 which was isolated by Davies-Coleman in 1999 from Siphonaria capensis from the south east coast of South Africa [6] (Scheme 1).
A vast amount of effort has been spent on the synthesis of these biologically interesting compounds, in particular on the stereoselective formation of the syn-1,3-dimethyl arrays. The latter have been prepared by copper-mediated directed allylic substitution [7] , asymmetric conjugate addition [8, 9] , iterative aldol reactions using Evan's auxiliary [2] or catalytic aldol reactions starting from a chiral ketene dimer [10] , iterative alkylations with chiral benzopyranoisoxazolidine [11] , or Enders' SAMP methodology [12] and Zrcatalysed asymmetric carboalumination [13, 14] . Recently we reported an ex chiral pool strategy for the op-0932-0776 / 09 / 0600-0639 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Scheme 1. Structurally related polypropionates such as siphonarienone (1a), pectinatone (1b) and capensifuranone (2) . tical antipodes of two polypropionates, siphonarienone 1a and pectinatone 1b [15, 16] , using highly methylbranched wax esters derived from preen-gland wax of the domestic goose Anser a. f. domesticus [17] . Along these lines we wanted to extend the methodology to (-)-capensifuranone, (-)-2. Based on detailed NMR experiments and correlation with known members of the Siphonaria polyketides a structure was assigned for compound (-)-2 with an unsolved configuration at C-5 [6] . In 2004 Williams reported the first total synthesis of (-)-capensifuranone, (-)-2, which confirmed the original assignment [8] . In addition, the (S)-configuration at C-5 could be secured. We here report on the total synthesis of the unnatural enantiomer (+)-capensifuranone (+)-2.
Results and Discussion
The synthesis commenced with the known preengland wax-derived methyl (2E,4R,6R,8R)-2,4,6,8-tetramethylundec-2-enoate 3 [16] , which was submitted to ozonolysis with reductive work-up with triphenylphosphine according to the method by Breit [7a] providing the corresponding aldehyde 4 in 75 % yield (Scheme 2). Compound 4 was then treated with (E)-3-bromomethacrylic acid [18] in the presence of butyllithium in THF at −78 • C following the procedure by Williams [8] to give an (80 : 20) diastereomeric mixture of 4-bromo-3-methylfuranones 5a and 5b. After chromatographic separation, 5a and 5b were isolated in 54 % and 14 % yield, respectively. Negishi cross coupling of the latter with dimethylzinc in the presence of Pd(PPh 3 ) 4 in THF [8] finally gave (+)-capensifuranone (+)-2 and (-)-5-epi-capensifuranone 6 in 88 % and 85 % yield, respectively. In order to secure the stereochemical assignment of the final product (+)-2, we followed the same approach as described by Williams [8] . Surprisingly, when (-)-5-epi-capensifuranone 6 was treated with LiAlH 4 in diethyl ether at r. t. no reductive lactone opening was achieved, but a diastereomeric mixture of the furan derivative 7 was obtained (d. r. = 67 : 33) (Scheme 3). Compound 7 is probably formed via initial reduction of the lactone 6 to the corresponding lactol 8 and subsequent vinylogous elimination of H 2 O (Scheme 3).
Attempts towards lactone opening under various conditions (e. g. K 2 CO 3 , MeOH or NaOMe/MeOH or H 2 SO 4 ) failed. However, when 4-bromo-3-methylfuranone 5a was reduced with LiAlH 4 under similar conditions as described above, clean conversion to the diol 9 was observed without any accompanying reduction of the bromo substituent (Scheme 4).
Next, diol 9 was treated with 4-nitrobenzoyl chloride in CH 2 Cl 2 in the presence of NEt 3 and catalytic amounts of DMAP to afford the bis(4-nitrobenzoate) 10 in 76 % yield. Single crystals of 10 were obtained, which were suitable for an X-ray crystal structure analysis ( Fig. 1) [19] . The absolute configuration at C-1 of derivative 10 is clearly confirmed by anomalous dispersion, as indicated by the Flack parameter of −0.014 (14) . The crystal structure shows trans configuration at the C-2-C-3 double bond identified by the distance of 1.324(9)Å. It is also remarkable that the 4-nitrobenzoyl moieties have a nearly coplanar orientation.
Both (+)-capensifuranone (+)-2, (-)-5-epi-capensifuranone 6 as well as the corresponding bromo precursors 5a,b were submitted to an antimicrobial agar diffusion assay (20 µg/6 mm paper disc) employing Gram-negative (E. coli tolC, Klebsiella pneumoniae, Pseudomonas aeruginosa) and Gram-positive bacteria (Staphylococcus aureus, Micrococcus luteus, Mycobacterium phlei), yeasts (Candida albicans, Hansenula anomala, Saccharomyces cerevisiae) as well as hyphal fungi (Aspergillus fumigatus, Botrytis cinerarea, Pythium debaryanum). No antimicrobial activity could be detected, however, all compounds displayed cytotoxic activity against L-929 mouse fibroblasts, and KB-3-1 HeLa and U-937 lymphoma cells (Table 1 ). In general, the cytotoxic activities of (+)-capensifuranone (+)-2 and (-)-5-epi-capensifuranone 6 are slightly higher than that of the corresponding 3-bromo-furanones 5a,b. There is almost no difference in cytotoxicity between compound (+)-2 and its C-5-epimer 6 which further supports our previous assumption that the polypropionate backbone induces the cytotoxicity [16] . Published data on the biological activities of polypropionate compounds from Siphonaria [4b] show cytotoxic activities with IC 50 values between 5 to 10 µg mL −1 and above, which is in the same range we found with capensifuranones. Whereas we did not find antibiotic activity, other polypropionates were reported to be active against Gram-positive bacteria and yeasts, too [3] .
In conclusion, (+)-capensifuranone (+)-2 and (-)-5-epi-capensifuranone 6 have been prepared by a threestep ex chiral pool synthesis starting from the wax ester 3. After reductive ring opening of 5-epi-capensifuranone precursor 5a to diol 9 and subsequent derivatization, an X-ray crystal structure analysis of 10 allowed to determine the absolute configuration to be S. Both (+)-capensifuranone (+)-2 and its 5-epimer 6 display cytotoxic activities with IC 50 values of 4 -11 µg mL −1 , in the range of other polypropionates.
Experimental Section

General information
All cell lines were from DMSZ and grown in DME medium with high glucose (L-929, KB-3-1) or RPMI 1640 (U-937) from GIBCO. All solvents were dried, and reactions were performed in dried glassware. (E)-3-Bromomethacrylic acid was prepared as described [18] . The following spectroscopic and analytical instruments were used. IR: Bruker Vector 22 FTIR. -NMR: Bruker ARX 300 or Bruker ARX 500. 
(2R,4R,6R)-2,4,6-Trimethylnonanal (4)
Unsaturated ester 3 (100 mg, 0.39 mmol) was dissolved in dry methanol (5 mL), and O 3 was bubbled through the reac-tion mixture at −78 • C for 10 min. After complete removal of O 3 with N 2 , a solution of PPh 3 (124 mg, 0.47 mmol) in dry CH 2 Cl 2 (0.3 mL) was added dropwise at −78 • C. The reaction mixture was warmed to r. t. and hydrolysed with water (3 mL). The aqueous layer was separated and extracted with Et 2 O (3 × 10 mL). The combined organic layers were dried (Na 2 SO 4 ) and concentrated in vacuo (10 
(5R)-and (5S)-4-Bromo-3-methyl-5-[(1R,3R,5R)-1,3,5-trimethyloctyl]furan-2(5H)-one (5a,b)
To a solution of (E)-3-bromo-2-methyl-2-propionic acid (55 mg, 0.334 mmol) in dry THF (3 mL) was added at −78 • C a solution of n-butyllithium (2.5 M in THF, 267 µL, 0.668 mmol), and the mixture was stirred for 3 h. A solution of 4 (28 mg, 0.152 mmol) in dry THF (1.5 mL) was added dropwise at −78 • C and the mixture stirred for a further 2 h at −78 • C. After warming up to r. t. over 18 h, the reaction was quenched with brine (5 mL) and diluted with Et 2 O (10 mL). The aqueous layer was separated and extracted with Et 2 O (3 × 7 mL). The combined organic layers were dried (Na 2 SO 4 ) and concentrated in vacuo. The residue was purified by chromatography on SiO 2 with PE/EtOAc (50 : 1) to give in a first fraction 5a (27 mg, 81.4 µmol, 54 %) and in a second fraction 5b (7 mg, 21.1 µmol, 14 %) as colourless oils.
Compound 5a 
(5R)-3,4-Dimethyl-5-[(1R,3R,5R)-1,3,5-trimethyloctyl]-furan-2(5H)-one [(+)-capensifuranone (+)-2]
To a solution of 5b (17 mg, 51.3 µmol) and Pd(PPh 3 ) 4 (6 mg, 5.1 µmol) in dry THF (1. 
(5S)-3,4-Dimethyl-5-[(1R,3R,5R)-1,3,5-trimethyloctyl]-furan-2(5H)-one [(-)-5-epi-capensifuranone] (6)
To a solution of 5a (44 mg, 0.133 mmol) and Pd(PPh 3 ) 4 (15 mg, 13.3 µmol) in dry THF (2 mL) was added under argon at 0 • C a solution of Me 2 Zn (2.0 M in toluene, 332 µL, 0.664 mmol), and the reaction mixture was stirred at r. t. for 18 h. The mixture was diluted with Et 2 O (5 mL) and quenched with water (2 mL) and 1 M HCl (3 mL). The aqueous layer was separated and extracted with Et 2 O (3 × 7 mL). The combined organic layers were dried (Na 2 SO 4 ) and concentrated 
3,4-Dimethyl-2-[(3R,5R)-1,3,5-trimethyloctyl]furan (7)
To a solution of 6 (27 mg, 0.101 mmol) in dry Et 2 O (2 mL) was added at 0 • C a solution of LiAlH 4 (1.0 M in Et 2 O, 91 µL, 91.2 µmol). The reaction mixture was stirred at 0 • C for 10 min and then at r. t. for 18 h. After addition of Et 2 O (7 mL), the reaction was quenched with water (1 mL) and 1 M NaOH (3 mL). The aqueous layer was separated and extracted with Et 2 O (3 × 7 mL). The combined organic layers were dried (Na 2 
(2E,4S,5R,7R,9R)-3-Bromo-2,5,7,9-tetramethyldodec-2-ene-1,4-diol (9)
To a solution of 5a (9 mg, 27.1 µmol) in dry Et 2 O (1.5 mL) was added at 0 • C a solution of LiAlH 4 (1.0 M in Et 2 O, 22 µL, 21.7 µmol). The reaction mixture was stirred at 0 • C for 10 min and then at r. t. for 18 h. After addition of Et 2 O (5 mL), the reaction was quenched with water (1 mL) and 1 M NaOH (1 mL). The aqueous layer was separated and extracted with Et 2 O (3 × 5 mL). The combined organic layers were dried (Na 2 SO 4 ) and concentrated in vacuo. 
(1S,2E)-2-Bromo-3-methyl-4-[(4-nitrobenzoyl)oxy]-1-[(1R, 3R,5R)-1,3,5-trimethyloctyl]but-2-enyl 4-nitrobenzoate (10)
To a solution of diol 9 (9 mg, 26.8 µmol) in dry CH 2 Cl 2 (2 mL) were added at r. t. DMAP (0.7 mg, 5.4 µmol), Et 3 N (8 µL, 53.6 µmol) and p-nitrobenzoyl chloride (12 mg, 61.6 µmol). The reaction mixture was stirred for 1 h, diluted with CH 2 Cl 2 (5 mL) and quenched with 1 M HCl (2 mL). The aqueous layer was separated and extracted with Et 2 O (3 × 5 mL). The combined organic layers were dried (Na 2 SO 4 ) and concentrated in vacuo. Chromatography on SiO 2 with PE/EtOAc (10 : 1) gave 10 as a crystalline solid (13 mg, 20.5 (14) , ∆ρ fin (max/min) = 0.253/−0.234 eÅ −3 . Remarks: Data collection was performed using a Nicolet P3 diffractometer with MoK α radiation. The structure was solved with Direct Methods and refined against F 2 with SHELXL-97 [20] . All non-hydrogen atoms were refined anisotropically. H atoms were located on difference Fourier maps but refined with fixed individual displacement parameters using a riding model with d(C-H) ranging from 0.93 -0.98Å [19] .
Cytotoxicity assays
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Sigma) was used to measure the metabolic activity of cells which are capable of reducing it by dehydrogenases to a violet formazan product. 60 µL aliquots of serial dilutions of the test compounds were added to 120 µL aliquots of a cell suspension (50000/mL) in 96-well microplates. Solvent controls were incubated under identical conditions. After 5 days, 20 µL MTT in phosphatebuffered saline (PBS) were added to a final concentration of 0.5 mg mL −1 . After 2 h, the precipitate of formazan crystals was centrifuged, and the supernatant discarded. The precipitate was washed with 100 µL PBS and dissolved in 100 µL of isopropanol containing 0.4 % hydrochloric acid. The microplates were gently shaken for 20 min to ensure a complete dissolution of the formazan and finally measured at 590 nm using an ELISA plate reader. All experiments were carried out in pairs, the percentage of viability at a certain compound concentration was calculated as the mean with respect to the controls set to 100 %. With U-937 the cytotoxicity was measured in a homogeneous assay using WST-1 from Roche instead of MTT. The developing colour was directly measured at 450 nm.
Agar diffusion assays
Agar plates containing 15 mL of medium were inoculated with bacterial or yeast suspensions in liquid broth to give a final O. D. of 0.01 (bacteria) or 0.1 (yeasts). The microorganisms were from the HZI collection and grown on standard medium. In the case of molds, spores were collected from well-grown Petri dishes which were rinsed with 10 mL of sterile aqua dest. 1 mL of the spore suspension was added to 100 mL of molten agar medium. 20 µL of test samples in methanol (1 mg mL −1 ) were applied to 6-mm cellulose discs, which were then placed onto the agar plates. The diameters of resulting growth inhibition zones were determined after 24 h of incubation at 30 • C.
